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By Gene J. Matranga, Harold P. Washington, Paul L. Chenoweth, 
and William R. Young 
SUMMARY 
A six-degree-of-freedom analog study was performed to aid in defining 
handling qualities and trajectory potential for terminal lunar landing. Results 
showed that, for a maneuvering task in the pitch mode and a random-motion- 
correction task in the roll and yaw modes, the pilots referred rate or attitude 
command with control accelerations of about 10 deg/sec and reasonable artificial 
damping. Also, to consistently perform successful landings, the pilots generally 
used thrust-to-weight ratios throttled between a minimum value of 0.8 lunar g and 
a maximum value of 1.8 lunar g. 
INTRODUCTION 
The success of manned lunar-exploration programs will depend on how well 
astronaut-pilots can execute the lunar landing, since control of the vehicle will 
be their responsibility. The NASA Flight Research Center, at Edwards, Calif., 
has awarded a contract for the construction of a free-flying research vehicle 
(ref. 1) that will be used to clarify the pilot's function and needs in lunar 
landing. As an aid in defining the variable-stability features and trajectory 
potential of this craft, a six-degree-of-freedom analog study was performed by 
the Flight Research Center to augment the manufacturer's preliminary design 
study. Various attitude-control-system mechanizations and authority levels were 
examined, as well as a range of trajectories and thrust-to-weight ratios. This 
paper presents the results of the study, which should have direct application to 
manned lunar-exploration vehicles as well as to the proposed research vehicle. 
The equations of motion used in the investigation are presented in 
appendix A. Symbols used in this paper are defined in appendix B. 
TEST APPARATUS 
This study was directed to the terminal phase of manned lunar landtngs and 
their simulation in free flight on earth. The investigation was mechanized on 
an analog computer i n  s i x  degrees of freedom according t o  the  equations i n  
appendix A. A f l a t  e a r t h  or moon w a s  assumed, and heading changes were l imi ted  
t o  k40". 
The vehicle  used t o  provide base l ine  information f o r  these  t e s t s  i s  a f r e e -  
f ly ing  lunar-landing research vehicle  ( r e f .  1) now under construct ion.  An 
a r t i s t ' s  conception of t he  vehicle  ( f i g .  1) i l l u s t r a t e s  t he  s a l i e n t  f e a t u r e s  of 
the c r a f t ,  which is, i n  essence, a p i l o t ' s  platform supported by open-trusswork 
l e g s .  L i f t  rockets ,  operating i n  p a i r s  about t he  center  of grav i ty ,  t h r u s t  along 
the  Z-body-axis of t he  c r a f t  t o  provide dece lera t ion  during the  simulated moon- 
landing t r a j e c t o r y .  Smaller rocke ts  on the  l e g s  furn ish  a t t i t u d e  con t ro l  about 
a l l  th ree  vehicle  axes. I n  addi t ion,  a j e t  engine, mounted i n  a servo-driven 
gimbal r i n g  a t  the vehicle  center  of grav i ty ,  compensates f o r  the  d i f f e r e n t i a l  
between e a r t h  and moon g rav i ty  forces  and overcomes most of the  aerodynamic 
fo rces  imposed on the  c r a f t .  Per t inent  physical  c h a r a c t e r i s t i c s  of t he  lunar-  
landing research vehicle  a r e  presented i n  t a b l e  I. 
Although t h i s  vehicle  w i l l  at tempt t o  dupl ica te  maneuvers of a manned lunar-  
explorat ion vehicle ,  it w i l l  be operating i n  t h e  e a r t h  g rav i ty  f i e l d  and w i l l  be 
acted upon by aerodynamic fo rces  and moments. In t h i s  study, the  j e t  engine of 
t he  research vehicle  w a s  assumed t o  support exac t ly  5/6 of t h e  instantaneous 
vehicle  weight. 
conservat ively i n  r e f .  1) were considered during a por t ion  of the  t e s t s .  
The e f f e c t s  of aerodynamic fo rces  and moments (es t imated 
The instrument d isp lay  f o r  the p i l o t  i n  t he  t e s t s  i s  shown schematically i n  
f igu re  2 .  The d isp lay  keyed on an a t t i t u d e  b a l l  i n  the  center  of t he  panel. I n  
addi t ion  t o  the  bas i c  a t t i t u d e  information, cross-pointer  i nd ica to r s  i n  f r o n t  of 
t he  b a l l  presented longi tudina l  and l a t e r a l  hor izonta l  v e l o c i t i e s  t o  f u l l - s c a l e  
de f l ec t ions  of 20 f t / s e c .  Meters a t  +,he s ide of the  b a l l  furnished readings of 
a l t i t u d e ,  t o t a l  ve loc i ty ,  and v e r t i c a l  ve loc i ty .  An a u x i l i a r y  d isp lay  of range 
and cross  range w a s  presented on a 21-inch osci l loscope t o  a sca le  of 1,000 f t / i n .  I 
The p i l o t  cont ro l led  p i t c h  and r o l l  a t t i t u d e  with a s m a l l  s ide con t ro l l e r  
loca ted  on h i s  r ight-hand console. With h i s  l e f t  hand, he operated a co l l ec t ive -  
type s t i c k  (up  and down motion cons is ten t  with f l i g h t  d i r e c t i o n )  t h a t  cont ro l led  
l i f t - r o c k e t  t h r u s t .  Foot pedals were used f o r  yaw cont ro l .  The s ide  con t ro l l e r  
provided the  p i l o t  with l i g h t  center ing fo rces  only; a deadband of approximately 
5' of the  30" maximum possible  de f l ec t ion  w a s  u t i l i z e d  during a l l  runs.  
TESTS 
The inves t iga t ion  was divided i n t o  two phases: a h a d l i n g - q u a l i t i e s  or  
a t t i t ude -con t ro l  requirement phase, and a t r a j ec to ry -  or l i f t - t h r u s t  requirement 
phase. 
! I n  the  handl ing-qual i t ies  phase of t he  study, a standard maneuver w a s  per- formed t h a t  enabled d i r e c t  comparisons t o  be made from run t o  run. 
maneuver s t a r t e d  a t  near-hover conditions ( V  = h 5 10 f p s )  a t  an a l t i t u d e  of 
4,000 f e e t  m s l  (mean sea l e v e l ) .  
This standard 
, The p i l o t  then t r a n s l a t e d  forward while 
I descending t o  the  touchdown a t  the Edwards a l t i t u d e  of 2,200 f e e t  m s l .  I n  
2 
essence, t hese  t e s t s  examined a maneuvering t a s k  i n  t h e  p i t c h  mode and a random- 
motion cor rec t ion  or manual damping t a s k  i n  t h e  roll and yaw modes. 
l i f t  rockets  were assumed t o  be  f ixed  r i g i d l y  t o  t h e  vehicle ,  an a t t i t u d e  change 
w a s  required t o  accomplish a l l  t r a n s l a t i o n a l  maneuvering. 
acce le ra t ions  were examined over a range from about 2 deg/sec2 t o  about 
20 deg/sec2. 
r a t e  and a t t i t u d e  con t ro l  were mechanized. 
condi t ions flown and a r e  compared with r e l a t ed  t e s t s  where poss ib le .  
Since t h e  
At t i tude-cont ro l  
By proper feedback of angular ve loc i ty  and a t t i t u d e  information, 
P i l o t  r a t i n g s  were obtained f o r  a l l  
I n  t h e  t r a j e c t o r y  phase of t h e  simulation, t h ree  d i f f e r e n t  maneuvers, 
r e f e r r ed  t o  as A, B, and C ( s e e  ske tch) ,  were used t o  def ine  limits and capabi l -  
i t i e s .  These maneuvers s t a r t e d  
a t  a near-hover a l t i t u d e  of 
4,000 f e e t  m s l  and terminated i n  
a s o f t  landing a t  2,200 f e e t  m s l .  5 
Maneuver A w a s  a f r e e - f a l l  from .A 
s t a r t i n g  condi t ions t o  t h e  a l t i -  
tude where a continuous appl ica-  
t i o n  of maximum t h r u s t  r e su l t ed  
i n  a s o f t  landing.  Maneuver B 
cons is ted  of a forward t r a n s l a -  
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lowed by a coast ing descent, then app l i ca t ion  of t h r u s t  f o r  a s o f t  impact. 
Maneuver C began with a f r e e - f a l l ,  then an app l i ca t ion  of t h r u s t  i n  such a manner 
t h a t  forward t r a n s l a t i o n  could be  accomplished a t  200 f e e t  above ground l eve l ,  
followed by a descent which r e su l t ed  i n  a s o f t  impact. 
Maneuvers B and C were performed t o  a s c e r t a i n  t h e  r e l a t i v e  mer i t s  of each 
type of maneuver i n  obtaining maximum range. For each of t hese  t r a n s l a t i o n a l  
maneuvers, t h e  p i l o t  was asked t o  follow t h e  spec i f ied  t r a j e c t o r y .  However, 
considerable  f l e x i b i l i t y  w a s  available t o  him, p a r t i c u l a r l y  i n  t h e  v e l o c i t i e s  and 
acce le ra t ions  used i n  t h e  maneuvers. 
During a l l  t e s t s ,  t h e  p i l o t  attempted t o  minimize touchdown v e l o c i t i e s ,  
a t t i t u d e  angles,  and d ispers ions  from t h e  des i red  landing point  without using 
more than t h e  ava i l ab le  f u e l  ( s e e  t a b l e  I) i n  order t o  accanpl ish r e a l i s t i c ,  
s o f t  landings.  
RESULTS AND DISCUSSION 
I n  t h e  analog-simulator t e s t s ,  t h e  p i l o t  s t a r t e d  with t h e  most d i f f i c u l t  
con t ro l  task ,  t ha t  of f l y ing  w i t h  pure acce le ra t ion  a t t i t u d e  cont ro l ,  and pro- 
gressed t o  r a t e  command, then a t t i t u d e  comand. 
a t t i t u d e - c o n t r o l  system, t h e  t r a j e c t o r y  por t ion  of t h e  study w a s  conducted. The 
r e s u l t s  of t h e  inves t iga t ion  a r e  presented i n  t h i s  sequence. 
Final ly ,  with an "optimum" 
3 
Att i tude  Control 
Acceleration command.- P i l o t  r a t ings  evaluated on a Cooper sca l e  ( t a b l e  11, 
based on r e f .  2) a r e  p lo t t ed  aga ins t  maximum ava i l ab le  cont ro l  au tho r i ty  i n  
f igu res  3(a) ,  & ( a ) ,  and 5(a) f o r  an acceleration-command mechanization. A 
reasonable amount of p i l o t  t r a in ing  w a s  necessary even a t  the  most favorably 
ra ted  condi t ions t o  successful ly  f l y  with acce lera t ion  command. Also of a id  t o  
t h e  p i l o t  w a s  an expanded a t t i tude-angle  ind ica t ion  t h a t  enabled him t o  r ead i ly  
cor rec t  undesirable  motions. When t h e  technique was learned, however, con t ro l  
w a s  considered genera l ly  s a t i s f a c t o r y  a t  au tho r i ty  l e v e l s  between 5 deg/sec2 
and 10 deg/sec2. 
sluggish,  and a t  values much above 10 deg/sec2, t h e  tendency f o r  overcontrol w a s  
t oo  g rea t .  A s  shown i n  t h e  f igures ,  t h e  p i l o t s  ra ted  the  t a sks  s imi l a r ly .  
A t  values below 5 deg/sec2, response w a s  judged t o  be  t o o  
Rate command.- The da ta  of f igu res  3(b) t o  3(d) ,  4(b)  t o  4 (d ) ,  and 5(b)  
t o  5(d)  show t h e  e f f e c t  of increasing r a t e  damping as a r e s u l t  of control-system - - -  
feedback. The expected improvement i n  p i l o t  r a t i n g  with increased a r t i f i c i a l  
rate damping i s  evident, and the  band of s a t i s f a c t o r y  au tho r i ty  l e v e l s  i s  widened 
considerably as damping i s  increased. A s  shown, the  p i l o t  r a t ings  i n  r o l l  and 
y a w  are genera l ly  more favorable than those i n  p i t ch .  T h i s  r a t ing  d i f fe rence  
r e f l e c t s  t he  l e s s  severe p i l o t i n g  t a s k  of manual damping i n  r o l l  and yaw, as 
compared with t h e  maneuvering t a s k  i n  t h e  p i t ch  mode. 
The data from f igu res  3 t o  3 a r e  summarized i n  figure 6 .  I n  t h i s  f igure,  
rate damping i s  p lo t t ed  aga ins t  cont ro l  au thor i ty .  I so -p i lo t  r a t i n g  l i n e s  
separat ing the  sa t i s f ac to ry ,  unsa t i s fac tory ,  and unacceptable a reas  are shown 
over the  range of var iab les  t e s t ed .  The unacceptable area genera l ly  encompasses 
a l l  cont ro l  a u t h o r i t i e s  l e s s  than about 2 deg/sec2, regardless  of a r t i f i c i a l  
damping. By increasing con t ro l  au thor i ty ,  s a t i s f a c t o r y  con t ro l  w a s  obtained 
rap id ly .  Only i n  t h e  p i t c h  mode w a s  t he re  a not iceable  decrement i n  r a t i n g  with 
a f u r t h e r  increase i n  au thor i ty .  
Previous tes t s  a t  the  F l igh t  Research Center ( r e f .  3) indicated t h a t  an 
au tho r i ty  of about 10 deg/sec2 w a s  predicted t o  be sa t i s f ac to ry .  
( r e f s .  4 and 5) showed t h a t  more au tho r i ty  would be des i r ab le .  I n  f igu re  7 (a ) ,  
da ta  from f igu re  6 are compared with t h e  data from reference 5 f o r  t h e  longi tu-  
d i n a l  mode. A marked discrepancy between the  boundaries i s  evident.  More 
recent VTOL s tud ie s  performed t o  simulate lunar  landing ( r e f .  6) showed t h a t  less 
than 18 percent of t h e  maximum con t ro l  power available i n  t h e  p i t c h  mode w a s  
used. T h i s  comparison ind ica t e s  t ha t ,  on t h e  a i r l e s s  moon, cont ro l  a u t h o r i t i e s  
set  t o  meet VTOL requirements would be expected t o  r e s u l t  i n  overcontrol 
tendencies.  Discrepancies i n  t h e  con t ro l  requirements are a t t r i b u t e d  t o  t h e  
reserve con t ro l  power on earthbound VTOL vehicles  t h a t  i s  used t o  cope with 
unexpected wind gus ts .  




Inasmuch as t h e  moon has no atmosphere, gus t s  w i l l  
Shown i n  f igu re  7(b)  are da ta  from reference 7, a repor t  on a fixed-base 
analog-simulation of lunar  landing i n  which a v i sua l  presentat ion w a s  used. 
Data from t h e  referenced tes t s  and from t h i s  inves t iga t ion  agree reasonably well .  
A s  w a s  noted previously, t he  p i l o t s  pa r t i c ipa t ing  i n  the  present tests received 
a considerable degree of t r a i n i n g  and were presented with expanded a t t i t u d e  l 
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ind ica t ions .  
Thus, a t  very low damping leve ls ,  p i l o t  r a t ings  were more favorable i n  t h e  pres- 
en t  t e s t s  than i n  t h e  referenced tests.  
d i f fe rences  are unexplained. 
These a i d s  were not ava i l ab le  i n  t h e  referenced tests ( r e f .  7 ) .  
A t  high damping leve ls ,  t h e  r a t i n g  
At t i tude  command.- Data acquired with a t t i t u d e  command mechanized a r e  
p lo t t ed  i n  t h e  conventional manner of frequency squared as a funct ion of damping 
parameter i n  f igu res  8 t o  10. However, t h e  frequency and damping are not 
inherent  vehicle  cha rac t e r i s t i c s ,  bu t  were a r t i f i c i a l l y  derived by using t h e  
a t t i t u d e  angle and rate-feedback terms. The s t a b i l i t y  and damping had t o  be  
provided i n  an a r t i f i c i a l  manner, s ince  no inherent aerodynamic c h a r a c t e r i s t i c s  
w i l l  be generated i n  t h e  airless lunar  environment. S t a b i l i t y  i s  proport ional  
t o  t h e  angular feedback term, and damping i s  proport ional  t o  t h e  angular rate- 
feedback term. A d i s t i n c t i o n  of acce lera t ion  capab i l i t y  i s  made i n  the  f igures ,  
and p i l o t  ratings a r e  noted beside each symbol. 
r a t i n g s  seem t o  be  r a t h e r  weak funct ions of frequency, although some unpublished 
da ta  ind ica t e  s t ronger  frequency e f f ec t s ,  espec ia l ly  with t h r u s t  misalinement. 
Reference 8 concludes t h a t ,  f o r  a maneuvering task,  cont ro l  acce lera t ion  and 
damping are the  most important parameters i n  evaluating t h e  exci ted motions. 
Therefore, t h e  da ta  of f igu res  8 t o  10 are rep lo t ted  i n  f igu res  11 t o  1 3  as 
funct ions of acce lera t ion  and a r t i f i c i a l  damping, with no considerat ion of f re-  
quency. For comparison purposes, t he  f a i r i n g s  of t he  data frorr. f i gu res  3 t o  5 
are reproduced i n  f igu res  11 t o  13. 
These da ta  show t h a t  p i l o t  
The attitude-command data general ly  agree with the  rate- and accelerat ion-  
command da ta .  The d i f fe rences ,  which a re  general ly  s m a l l ,  may r e s u l t  from the  
l i m i t e d  amount of data ava i lab le .  The g rea t e r  spread i n  t h e  da t a  i n  the  r o l l  
and yaw modes of f igu res  12 and 1 3  i s  a t t r i b u t e d  t o  the  p i lo ted  manual damping 
t a s k  i n  these  modes. Thus, there  appears t o  be l i t t l e  d i f fe rence  between the  
e f fec t iveness  of rate and a t t i t u d e  command i f  proper acce lera t ion  and a r t i f i c i a l  
damping are provided. 
I n  the  runs t h a t  averaged 2 t o  3 minutes i n  duration, t he  t o t a l  a t t i t u d e -  
rocket  f u e l  consumption never exceeded 15 pounds of hydrogen-peroxide 
propel lant .  
t he  500 pounds of propel lant  consumed by the  l i f t  rockets  i n  the same time 
i n t e r v a l .  The var ious idea l ized  con t ro l  mechanizations d id  not noticeably a f f e c t  
f u e l  consumption. 
This w a s  almost a negl ig ib le  quant i ty  of f u e l  when compared with 
Aerodynamic e f f e c t s . -  A s  mentioned previously, aerodynamic forces  and 
moments t h a t  would be encountered on the  lunar-landing research vehicle  were 
included during a p o r t i o n a f  t he  t e s t s .  
became apparent a t  v e l o c i t i e s  g rea t e r  than 20 f t / s ec ,  p a r t i c u l a r l y  during the  
t r a j e c t o r y  phase of the  inves t iga t ion .  These e f f e c t s  are discussed, therefore ,  
i n  g rea t e r  d e t a i l  i n  t he  following sect ion.  
The e f f e c t s  of these forces  and moments 
Since only s teady-state  aerodynamic conditions were simulated, p i l o t  r a t i n g s  
of con t ro l  e f fec t iveness  were not a f fec ted .  However, it i s  believed t h a t  i f  
gusty weather were considered, as could be expected i n  operating VTOL vehicles ,  
cont ro l  requirements would be a f fec ted .  
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Trajectory Phase 
Simulator da ta  from a t y p i c a l  v e r t i c a l  f r e e - f a l l  maneuver (A) are shown i n  
f igu re  14 .  This maneuver r e s u l t s  i n  the  minimum f u e l  consumption i n  descending 
from a hover a l t i t u d e  t o  a s o f t  lunar  impact. The r a t i o  of rocket f u e l  used t o  
vehicle  weight a t  touchdown f o r  t he  maneuver shown i s  0.055. 
not a r e a l i s t i c  maneuver from a p i l o t i n g  standpoint, however, because it i s  
an t ic ipa ted  t h a t  some horizontal  t r a n s l a t i n g  w i l l  be required i n  the  v i c i n i t y  of 
t he  landing s i t e  a t  l e a s t  f o r  s i t e  se lec t ion .  For the  t r ans l a t iona l  maneuvers 
( B  and C ) ,  v a r i a t i o n s  i n  f u e l  consumption a r e  shown i n  f igu re  15 as a funct ion of 
range a t t a i n e d  a t  impact. A s  expected, t he  f u e l  required increases with in-  
creasing range, bu t  not i n  d i r e c t  proportion because of t he  g r e a t e r  ve loc i ty  
a t t a i n e d  on the  longer dis tances .  A comparison of maneuvers B and C shows t h a t ,  
f o r  t he  same amount of fue l ,  more than twice the  range i s  obtained with 
maneuver B than could be obtained with maneuver C .  Maneuver B i s  performed a t  a 
higher a l t i t u d e  and, hence, reaches higher ve loc i t i e s  before the  a l l o t t e d  f u e l  
i s  exhausted. 
and 6.0 ft /sec*, respect ively,  during any of t he  maneuvers. 
Ver t ica l  descent i s  
Horizontal ve loc i t i e s  and acce lera t ions  d id  not exceed 80 f t / s e c  
Figure 16 compares the p i l o t ' s  use of t h r u s t  cont ro l  i n  maneuvers B and C .  
The range of instantaneous thrust-to-weight 
the  maneuvers w a s  from zero lunar  g t o  about 2 lunar g.  
f o r  about the  same percentage of time i n  the  planned f r e e - f a l l  port ion of both 
types of maneuvers. Thro t t l ing  ranges corresponding t o  T/W values between 0.8 
and 1.8 lunar  g were used more than 50 percent of the  time. Values below t h i s  
range afforded the  p i l o t  a f i n e r  cont ro l  over the r a t e  of descent, and values 
above t h i s  range allowed f o r  more rapid braking. However, cont ro l  capabi l i ty  
i n  these a reas  w a s  not considered e s s e n t i a l  t o  the  success of the landings.  
T/W values for the  vehic les  during 
Zero t h r u s t  was used 
The frequency of occurrence of a t t i t u d e  and ve loc i ty  values experienced a t  
landing i s  shown i n  f igu res  17 and 18. 
than 10 f t / s e c  and a t t i t u d e s  l e s s  than 10" were obtained i n  more than 90 percent 
of the  landings.  These values a r e  wel l  within the  range which i s  considered s o f t  
f o r  lunar  impact. 
The f igu res  show t h a t  v e l o c i t i e s  l e s s  
To obtain addi t iona l  information on t r a n s l a t i o n a l  maneuvering, the r e t r o -  
t h r u s t  w a s  doubled t o  evaluate the  e f f e c t  of an increase i n  t h r u s t .  Although 
only a l i m i t e d  number of runs were performed, t he  p i l o t  never used more than 
one-half of t he  addi t iona l  maximum-thrust capabi l i ty .  
Aerodynamic forces  and moments t h a t  would be encountered on the  lunar-  
landing research vehicle  were apparent a t  the higher v e l o c i t i e s  a t t a i n e d  i n  t h i s  
study. A t  these  ve loc i t i e s ,  t he  p i l o t  reported t h a t  the vehicle  had addi t iona l  
angular r a t e  damping and t h a t  a grea te r  hor izonta l  t h r u s t  component was required 
t o  a t t a i n  a given t r a n s l a t i o n a l  speed than i n  the  a i r l e s s  s t a t e .  No d i f f i c u l t y  




A six-degree-of-freedom analog study performed t o  a i d  i n  def ining handling ~ 
q u a l i t i e s  and t r a j e c t o r y  po ten t i a l  f o r  terminal  lunar  landing s,howed t h a t :  
1. For a maneuvering t a s k  i n  the  p i t ch  mode and a manual p i lo t ed  damping 
t a s k  i n  t h e  r o l l  and yaw modes, t he  p i l o t s  preferred r a t e  or  a t t i t u d e  command. 
2 .  Acceleration l e v e l s  of about 10 deg/sec2 afforded acceptable response 
without a tendency f o r  overcontrol.  
3. A t  optimum acce lera t ion  values over t he  range of ar t i f ic ia l -damping 
values tes ted ,  p i l o t  rating became more favorable with increased damping. 
4 .  For t h e  types of maneuvers performed and f o r  a given amount of fue l ,  
range can be maximized by t r ans l a t ing  a t  high a l t i t u d e s .  
5 .  To cons i s t en t ly  perform successful  landings, t h e  p i l o t s  genera l ly  used 
thrust- to-weight  r a t i o s  t h r o t t l e d  between a minimum value of 0.8 lunar  g and a 
maximum value of 1.8 lunar  g .  
6 .  Veloci t ies  l e s s  than 10 f t / s e c  and a t t i t u d e s  less than 10' w e r e  a t ta ined  
i n  more than 90 percent of t h e  landings.  
F l igh t  Research Center, 
National Aeronautics and Space Administration, 
Edwards, C a l i f  ., Apri l  19, 1963. 
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APPENDIX A 
EQUATIONS OF MOT1011 
The s i x  equations of motion used i n  t h i s  study described the  veh ic l e  motion 
i n  the  conventional th ree  t r a n s l a t i o n a l  and th ree  r o t a t i o n a l  degrees of freedom. 
The equations a r e  modifications of those developed i n  reference 9. The a x i s  
system i s  such t h a t :  
r e s t i n g  on l e v e l  ground; ( b )  t he  r o l l  a x i s  i s  t h e  a x i s  which i s  p a r a l l e l  t o  both 
the ground and the  p i l o t ' s  plane of symmetry when the  vehicle  i s  r e s t i n g  on 
l e v e l  ground; and ( e )  the  p i t c h  a x i s  i s  the  a x i s  which i s  normal t o  the  r o l l  and 
yaw axes. Because of t he  l imi t ed  scope of t he  problem, a f l a t  e a r t h  w a s  assumed, 
heading changes were l imi t ed  t o  ?40", and g l i d e  angles  were l imi t ed  t o  -120". 
The equations used were: 
( a )  the  yaw a x i s  i s  t h e  v e r t i c a l  a x i s  when the  vehicle  i s  
ve loc i ty  change, 
glide-angle change, 
N T 
i = ,  mV mV cos y + - cos cp + - cos a 
sidesl ip-angle  change, 
* g  B = - s i n  cp cos 8 - r + p s i n  cx V 
r o l l i n g  acce le ra t ion ,  
p i t ch ing  acce le ra t ion ,  
(Iz - Ix) * My 
q =  Pr + q, + - 
IY IY 
yawing acce le ra t ion ,  I 
Pq + i, (Ix - 'Y) r =  
Li f t - rocke t  t h r u s t  T w a s  assumed t o  a c t  along the  Z-body-axis of t h e  
It w a s  f u r t h e r  assumed t h a t  the  j e t  engine would operate v e r t i c a l l y  a t  c r a f t .  
a t h r u s t  l e v e l  5/6  t h a t  of t he  vehicle  t o t a l  weight, thereby compensating for 
8 
I 
I e a r t h  and moon g r a v i t y  d i f f e r e n t i a l s  so t h a t  g = 5.367 f t / sec2 .  The aerodynamic 
terms D, N, and Iv$ were considered during a portion of these t e s t s .  The aero- i dynamic terms were generated as follows, based on values estimated i n  reference 1: 
D = (0.000173V2 + O.O0691V)Fl(a) 
N = (0.0002765v2 + o . o 0 0 2 9 v ) ~ ~ ( a >  
% = ( 0.000261v2 + 0.000'777V)F3( a)  
where F l ( a ) ,  F2(a),  and F3(a) a r e  funct ions of angle of a t t ack .  
I 
The bas ic  control-effect iveness  parameters &, and included feed- 
back terms necessary t o  mechanize r a t e -  and attitude-command systems as well  as 
an acce lera t ion-  c ommand sy s t e m  . 
I The moments of i n e r t i a  were programed as l i n e a r  funct ions of weight through 
the  range of values of t a b l e  I. Vehicle weights were changed f o r  f u e l  conswnp- 
' t i o n  of the  j e t  engine, l i f t  rockets,  and a t t i t u d e - c o n t r o l  rockets.  
I n  addi t ion  t o  the  s i x  equations of motion, a number of a u x i l i a r y  equations 
were employed: 
4 = p + (r cos cp + q s i n  cp)tan e ( A7) 
I 
6 = q cos cp - r s i n  cp 
r cos cp + g s i n  cp 
cos e l j =  
i = v cos y (MU 
V 
y = -  ($ + B cos cp - Q s i n  cp)cos y 
57* 3 
The equations used posed a ser ious l i m i t a t i o n  t o  maneuvering i n  t h a t  y 
and 6 (eqs.  (A2) and (A3)) became undefined whenever t o t a l  ve loc i ty  went t o  
zero. A system of equations such as those of reference 10 would avoid t h i s  d i f -  




drag force,  lb 
angle-of-at tack funct ion 
assumed lunar-gravi ty  acce lera t ion ,  5.367 f t / s ec2  
a l t i t u d e ,  f t  
v e r t i c a l  ve loc i ty ,  f t / s e c  
moment of i n e r t i a  about X-axis, s lug- f t2  
moment of i n e r t i a  about Y-axis, s lug- f t2  
moment of i n e r t i a  about Z - a x i s ,  s lug- f t2  
square of equivalent  vehicle  na tu ra l  frequency (propor t iona l  t o  angle- 
feedback s igna l )  , sece2 
p i tch ing  moment, f t - l b  
vehicle  mass, s lugs 
normal force,  l b  
r o l l i n g  ve loc i ty  , radian s/se c 
r o l l i n g  acce lera t ion ,  radians/  se c2 
p i tch ing  ve loc i ty ,  rad ians lsec  
p i tch ing  accelerat ion,  radians/sec2 
yawing veloci ty ,  radians/  sec 
yawing acce lera t ion ,  radians/  se c2 
l i f t - r o c k e t  t h rus t ,  lb 
lunar  thrust-to-weight r a t i o ,  lunar  g 
t o t a l  ve loc i ty ,  f t / s e c  
l i n e a r  acce lera t ion  along f l i g h t  path, f t / s ec2  
e a r t h  weight, l b  
X 





longi tudina l  dis tance,  f t  
longi tudina l  hor i z onta l  v e l o c i t y  , f t / se c 
l a t e r a l  dis tance,  f t  
l a t e r a l  hor izonta l  veloci ty ,  f t /see 
angle of a t tack ,  deg 
angle of s ide s l i p ,  deg 
r a t e  of change of s i d e s l i p  angle, deg/sec 
g l ide  angle, deg 
r a t e  of change of g l ide  angle, deg/sec 
p i t c h  angle, deg 
i, p i t c h  r a t e ,  radians/sec 
e p i t c h  accelerat ion,  deg/sec2 
1/2 
.. 
equivalent vehicle angular rate-damping f ac to r  (proport ional  t o  
angular rate-feedback s igna l )  , sec - l  
cp roll angle, deg 
(i roll r a t e ,  radians/sec 
cp 
3 yaw angle, deg 
$ yaw r a t e ,  radians/sec 
v yaw accelerat ion,  deg/sec2 
Sub sc r ip t s :  
. e  
r o l l  accelerat ion,  deg/ se c2 
1 ? 2 ?  3 aerodynamic-force designation 
C cont ro l  e f fec t iveness  
e empty-weight condition 
m m a x i m u m  ava i lab le  cont ro l  e f fec t iveness  
rocket f u e l  used i n  descending v e r t i c a l l y  
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TABLE I.- PHYSICAL CHARACTERISTICS OF THE LUNAR-LA.NDING RESEARCH VEHICLE 
Horizontal displacement of t h r u s t  vectors  from v e r t i c a l  ax is ,  f t :  
Pi tch rockets  . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
R o l l  rockets  . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Yaw rockets  . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
L i f t  rockets  . . . . . . . . . . . . . . . . . . . . . . . . . . . .  




2 -5  
0 
Atti tude-rocket parameters: 
. . . . . . . . . . . . . . . . . . . . . .  a Maximum number of rockets  
Maximum avai lab le  t h r u s t  (each) ,  l b  . . . . . . . . . . . . . . . . .  100 . . . . . . . . . . . . . . . . .  0 Minimum avai lab le  t h r u s t  (each) ,  l b  
Fuel . . . . . . . . . . . . . . . . . . . . . . . . . . . .  Hydrogen peroxide . . . . . . . . . . . . . . . . . . . . . . . .  120 Specif ic  impulse, see 
0.8 Maximum fuel-flow r a t e ,  lb/sec/rocket . . . . . . . . . . . . . . . .  
Control . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  Proportional 
Response . . . . . . . . . . . . . . . . . . . . . . . . . . . .  Instantaneous 
L i f t  -rocket parameters: 
. . . . . . . . . . . . . . . . . . . . . .  2 
Maximum avai lab le  t h r u s t  (each) ,  l b  . . . . . . . . . . . . . . . . .  500 
0 Minimum avai lab le  t h r u s t  (each) ,  l b  
Fuel . . . . . . . . . . . . . . . . . . . . . . . . . . . .  Hydrogen peroxide . . . . . . . . . . . . . . . . . . . . . . . .  120 
a .2  Maximum fuel-flow ra t e ,  lb/sec . . . . . . . . . . . . . . . . . . .  
Control . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  Proportional 
Response . . . . . . . . . . . . . . . . . . . . . . . . . . . .  Instantaneous 
M a x i m u m  number of rockets  
. . . . . . . . . . . . . . . . .  
Specif ic  impulse, sec 
Jet-engine parameters: 
Thrust, l b  . . . . . . . . . . . . . . . .  5/6 instantaneous weight of vehicle  
Maximum fuel-flow r a t e ,  lb/sec . . . . . . . . . . . . . . . . . . .  
Response . . . . . . . . . . . . . . . . . . . . . . . . . . . .  Instantaneous 
0.6 
Earth weights and moments of i n e r t i a :  
Nl Empty 
100 0 
0 . . . . . . . . . . . . . . . . . . . . . . .  0 
Total  weight, l b  . . . . . . . . . . . . . . . . . . . . . . . .  3,440 2,440 
Atti tude-rocket f u e l  weight, l b  . . . . . . . . . . . . . . . . .  
Lift - rocket  f u e l  weight, l b  . . . . . . . . . . . . . . . . . . .  500 
Ix, s lug- f t2  . . . . . . . . . . . . . . . . . . . . . . . . . .  2,474 2,473 
Iy,  s lug- f t  . . . . . . . . . . . . . . . . . . . . . . . . . .  2,827 2,551 
I ~ ,  siug-f t2  . . . . . . . . . . . . . . . . . . . . . . . . . .  3,165 2,662 
J e t - f u e l  weight, l b  400 
2 
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0 P i l o t  A 











































e m l  deg/sec2 
( c )  1/~; = -1.14 sec-l .  
(b)  l/?; = -0.46 sec-l .  
IO 20 30 
aml deg/sec2 
(d) l /~;  = -2.27 sec-l .  
Figure 3.- Pilot evaluation of acceleration- and rate-command mechanizations. 
















0 P i l o t  A 




( c )  1/~6 = -0.63 sec-l .  
1 (b) l / ~ b  = -0.25 sec- . 
IO 20 30 
*’ deg /sec2 vm* 
(d) l/?b = -1.25 see’’. 
Figure 4.- Pilot evaluation of acceleration- and rate-command mechanizations. 
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-+-I--+ * IO 
qm, deg/sec2 
( c )  ~ / T G  = -0.10 sec - l .  (d )  l/~$ = -0.21 sec- l .  
Figure 5.- Pilot evaluation of acceleration- and rate-command mechanizations. 
Yaw mode; manual piloted damping task. 
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P i l o t  r a t i n g  
3.5, present tes ts  
6 . 5 ,  present t e s t s  
- - - - -  3.5, reference 7 
- - - - 6.5 ,  reference 7 
0 IO 20 30 40 50 
eC, deg/sec2 
(b) Comparison with similar lunar-landing simulation d a t a .  
Figure 7.-  Comparison of rate-command d a t a  from VTOL t e s t s  and s imi la r  lunar- 

























(a) ern = 2.6 deg/sec? 
2.6 2.5 
0 0  
- ,o 3.4 453 
U W 
0 -I -2 -3 
sec-1 
( c )  Ei ,  = 11 .3  deg/sec'. 
0 2.0 
?e u 
-I -2 -3 
I / T ~ ,  sec-1 
(d) '6, = 21.0 deg/sec2. 
Figure 8. - Summary of attitude-command mechanization. Pitch mode; maneuvering 
task. (Numbers beside symbols denote pilot rating.) 
(a) (4, = 2 .9  deg/sec2. 
.2 .  
k b ,  s e f 2  





k b l  sec-2 
*2kk1 
0 , 3.4 , 2.8 2.4 
(b) (pm = 6.0 deg/sec2. 
( c )  (pm = 11.3 deg/sec*. 
0 -I -2 -3 -4 
i/r41 s e d  
(a )  'd, = 23.0 deg/sec2. 
Figure 9.- Summary of attitude-command mechanization. Roll mode; manual piloted 




















( c )  qrn = 9.5 deg/sec 2 . 
(b) 4, = 5.0 deg/sec2. 
0 -. 2 -.4 
(d)  = 19.0 deg/sec2. m 
Figure 10.- Summary of attitude-command mechanization. Yaw mode; manual piloted 





f igu re  3 
0 Attitude 
c o m n d  
(b) l / ~ b  = -0.46 sec - l .  
e,,,* deg/sec2 
( c )  l / ~ h  = -1.14 see-’. 
Gm. deg/sec2 
(d) l/~k = -2.27 sec - l .  
Figure 11.- Comparison of rate- and attitude-command mechanizations. 











0 At t i tude  command 
Pilot 
rating 
ipm, deg/sec 2 
(d) l / ~ k  = -1.25 sec-l. 
(b) 1/T& = -0.25 see-’. 
Figure 12.- Comparison of rate- and attitude-command mechanizations. R o l l  










(a) 1/~$ = o sec-1.  ( b )  l/~$ = -0.04 sec-l. 
qm, deg/sec 2 Vm, deg/sec 2 
-1 ( e )  l / T $  = -0.10 sec-l .  (d) l/~$ = -0.21 sec . 
Figure 1 3 . -  Comparison of rate- and attitude-command mechanizations. Yaw 
mode; manual piloted damping task. 
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